Introduction {#s0001}
============

The incidence of children with severe asthma exacerbation (SAE) who require intensive care treatment and monitoring is increasing.[@cit0001],[@cit0002] Children with inadequate responses at the emergency room (ER) were admitted for continuation of treatment until their symptoms subsided. The first-line therapy for these children generally includes intermittent nebulized short-acting beta-agonists (SABA) every one to four hours, administration of systematic corticosteroids (eg, oral prednisolone 1--2 mg/kg/day), and oxygen supplementation to achieve an oxygen saturation (SpO~2~) \>95%.[@cit0003]--[@cit0005] Clinical guidelines and experts recommend nebulization of ipratropium bromide plus fenoterol (Berodual) and subcutaneous (sc) injection of terbutaline as adjunctive therapies.[@cit0004]--[@cit0007] However, approximately 20% of children with SAE respond poorly to nebulized SABA and subsequently required a more aggressive stepwise approach (ie, intravenous (IV) magnesium sulfate, IV terbutaline, admission to a pediatric intensive care unit (PICU), endotracheal intubation, and mechanical ventilation).[@cit0008]--[@cit0010]

In children with SAE, failure of the initial regimen is the leading cause of asthma complications, increased costs, and prolonged hospital stays.[@cit0011],[@cit0012] Several studies have proposed factors associated with fatal or near-fatal events (ie, PICU admission, endotracheal intubation and mechanical ventilation. These include 1) a previous history of endotracheal intubation and mechanical ventilation due to asthma exacerbation; 2) ≥2 asthma admissions within the previous 12 months; 3) ≥3 ER visits for asthma within the previous 12 months; 4) not currently using asthma controller medication; 5) obesity; 6) SpO~2~ at first presentation \<92%; or 7) exacerbation triggered by pneumonia.[@cit0005],[@cit0006],[@cit0013]--[@cit0017]

One meta-analysis confirmed the benefit of the timely administration of systemic corticosteroids within 60 minutes of presentation to an ER in reducing the need for hospitalization.[@cit0018] In our setting, we observe that children who had inadequate nebulization (\<3 doses of nebulized SABA) in the ER were more likely to be hospitalized. Thus, inadequate management in the ER may be an important factor influencing the initial response and prognosis.

There are currently no studies that have evaluated factors associated with the failure of intermittent nebulized SABA. Recognizing these predictors could guide physicians in identifying high-risk children and lead to better first-line care.

In this study, we aimed to explore potential prognostic factors associated with a failure response to intermittent nebulized SABA in children with SAE.

Materials and Methods {#s0002}
=====================

Study Design {#s0002-s2001}
------------

Prognostic factor research with a retrospective cohort design was conducted. We retrieved admission records of children with asthma exacerbation who were admitted to Hat Yai Hospital, a regional referral hospital in southern Thailand, from January 1, 2015, to December 31, 2017.

The Institutional Review Board of the Hat Yai Hospital (Protocol number 33/2561) and the Faculty of Medicine, Thammasat University (MTU-EC-ES-0-061/61), approved the study protocol. Informed consent was waived as the data collection was retrospective and without any patient identifiers (ie, all data were anonymized). Asthma diagnosis was based on the International Classification of Diseases, Tenth Revision, or ICD-10 discharge diagnosis codes J45 and J46.

We screened the medical records and included the following children for analysis: 1) age 1--15 years, 2) prior documented evidence of physician-diagnosed asthma or symptoms suggestive of asthma according to GINA guidelines, 3) diagnosis of SAE according to the criteria of the British Guideline on the Management of Asthma of the British Thoracic Society (BTS) ([Table 1](#t0001){ref-type="table"}),[@cit0019] 4) documented treatment with nebulized SABA (salbutamol 2.5 mg/dose) delivered via face mask with an oxygen flow rate of 6--8 L/min every 1--4 hours, and 5) received the recommended dose of systemic corticosteroid and adequate supplemental oxygen therapy.[@cit0003],[@cit0004] We did not include children aged \<12 months in this study, as an accurate diagnosis of asthma in this age group is difficult.Table 1Severity Classification of Asthma Exacerbation According to the British Guideline on the Management of Asthma for Hospitalized ChildrenAge (Years)Moderate AsthmaSevere AsthmaLife-Threatening AsthmaAge 1-5SpO~2~ ≥92%SpO~2~ \<92%SpO~2~ \<92% plus any of:No clinical features of severe asthmaToo breathless to talk or eatSilent chestHR \>140/minPoor respiratory effortRR \>40/minAgitationUse of accessory neck musclesAltered consciousnessCyanosisAge \>5SpO~2~ ≥92%SpO~2~ \<92%SpO~2~ \<92% plus any of:PEF ≥50% best or predictedPEF 33-50% best or predictedPEF \<33% best or predictedNo clinical features of severe asthmaToo breathless to talk or eatSilent chestHR \>125/minPoor respiratory effortRR \>30/minAltered consciousnessUse of accessory neck musclesCyanosis[^1]

Children who were initially prescribed with treatment regimens other than intermittent nebulized SABA (eg, nebulized adrenaline or nebulized 3% NaCl), with chronic pulmonary comorbidity, who were referred to or from other hospitals before their resolution of asthma symptoms, and those with incomplete data (pre-specified prognostic factors and confounders) were excluded from our study.

In the ER, all children with asthma exacerbation were managed according to standardized local practice guidelines by delivering up to three dosages of 2.5 mg salbutamol, nebulized every 15--20 minutes with the optional use of sc terbutaline. Children with an inadequate clinical response in the ER would be admitted to the pediatric ward or PICU. According to our inclusion criteria, only children admitted to the hospital for intermittent nebulization were included. After the completion of intermittent nebulization, children failing nebulized salbutamol were defined as any one of the followings: 1) the need for continuous SABA nebulization, 2) prescription of IV terbutaline, 3) requiring airway support: continuous positive airway pressure (CPAP), bi-level positive airway pressure, or endotracheal intubation and mechanical ventilation. The success group was defined as children whose asthma exacerbation completely resolved after intermittent nebulization with SABA and were discharged from the hospital.

Candidate Prognostic Factors {#s0002-s2002}
----------------------------

We explored ten candidate factors for their association with treatment failure. All factors, including their cut-off values, were chosen according to previously published studies: 1) ≥1 previous history of endotracheal intubation and mechanical ventilation due to exacerbation of asthma,[@cit0003],[@cit0005],[@cit0014] 2) ≥2 admissions for asthma within the previous 12 months,[@cit0005] 3) ≥3 ER visits for asthma within the past 12 months,[@cit0005],[@cit0016] 4) not using controller medications,[@cit0003],[@cit0006] 5) obesity,[@cit0015] 6) SpO~2~ at initial presentation in the ER \<92%,[@cit0016] 7) exacerbation triggered by pneumonia,[@cit0013],[@cit0017] 8) inadequate salbutamol nebulization in the ER (\<3 doses),[@cit0003],[@cit0004],[@cit0019] 9) delayed administration of systemic corticosteroids (\>60 mins after ER arrival),[@cit0003] and 10) received terbutaline injections given in the ER.[@cit0013] The 90th percentile for weight-for-age defined obesity.[@cit0020]

Other Pre-Specified Confounders {#s0002-s2003}
-------------------------------

Other than pre-selected candidate factors, relevant confounders may arise during exploratory analysis. Age and gender were not well-established prognostic factors of asthma,[@cit0003] and results across studies are inconsistent.[@cit0013],[@cit0016],[@cit0017],[@cit0021],[@cit0022] Nevertheless, we included age and sex in our logistic regression model. We also included the administration of any concomitant medication into the model for statistical adjustments, such as sc terbutaline injection and Berodual nebulizer that may have been prescribed at the discretion of the attending pediatrician.[@cit0005]--[@cit0007]

Data Collection {#s0002-s2004}
---------------

Data were collected on gender, age, weight, diagnosis of asthma, use of controller medications, number of visits to the ER within the past 12 months, number of hospitalizations within the past 12 months, and history of intubation due to asthma exacerbation, number of salbutamol nebulization in the ER and in the hospital, prescription of concomitant drugs, and the trigger for the current exacerbation episode.

Statistical Analysis {#s0002-s2005}
--------------------

All statistical analyses were performed using Stata version 16 (StataCorp, Lakeway, Texas, USA). Frequencies/percentages described the categorical variables and mean and standard deviation or median and interquartile ranges (IQR) were used to describe continuous variables, as appropriate. Categorical data were analyzed by chi-squared or Fisher's exact test, as appropriate. An independent *t*-test was used for continuous data with a normal distribution and the Wilcoxon rank sum test was used for skewed data. A two-sided p-value \<0.05 was considered statistically significant.

Derivation of Confounding Score and Multivariable Modeling {#s0002-s2006}
----------------------------------------------------------

For the derivation of a confounding score (disease risk score or balancing score),[@cit0023],[@cit0024] logistic regression was used for statistical modeling of pretreatment confounders and confounders by concomitant medications to estimate the probability of failing first-line therapy. For the age variable and other continuous variables, second-level fractional polynomial was used to include the variable within the model. Finally, two confounding scores, one for pretreatment and another for concomitant medications, were derived separately from two logistic models.

For the exploratory analysis, multivariable logistic regression with confounding score adjustment was used to model the ten candidate prognostic factors. This model was reduced by manual backward elimination of non-significant predictors, yielding the final reduced model. The results are reported as the adjusted odds ratios (aOR) with their 95% confidence intervals (CI).

Results {#s0003}
=======

A total of 568 medical charts were screened. Three-hundred and thirty-six records did not fulfill the inclusion criteria: 154 were moderate asthma exacerbation, 22 were life-threatening asthma exacerbation, 64 were not managed according to our study protocol, 41 were not diagnosed with asthma and did not have symptoms suggestive of asthma according to GINA guidelines, 34 were aged \<12 months, and 21 did not have asthma (eg, bronchiolitis or anaphylaxis) ([Figure 1](#f0001){ref-type="fig"}). Thus, we identified 232 children with SAE. Of these, 99 were excluded from the analysis: 15 did not receive intermittent nebulization of SABA as their first-line therapy, 21 had chronic cardiopulmonary comorbidity, 12 were referred to other hospitals before complete resolution of their exacerbation, 3 were referred from other hospitals, and 48 had incomplete data on their treatment in the ER.Figure 1Study flow diagram of patient cohort.

The final dataset consisted of 133 children with SAE were included. Treatment failures and successes numbered 59 (44.4%) and 74 (55.6%), respectively. The details on escalation therapy in the failure group were as follows: 47 children were converted to continuous SABA nebulization, eight were injected with intravenous terbutaline, and four were intubated and mechanically ventilated.

There were no significant differences between groups in terms of clinical characteristics, pretreatment prognostic factors, and concomitant medications between groups ([Table 2](#t0002){ref-type="table"}).Table 2Clinical Characteristics, Pre-Specified Prognostic Factors, and Confounders of the Study PatientsCharacteristicsIntermittent SABA TreatmentP-valueFailure (n=59)Success (n=74)n(%)n(%)**Clinical characteristics**Age (years), median (IQR)3.7(2.2, 7.8)5.0(2.9, 7.6)0.164Male gender34(57.6)52(70.3)0.147Weight (kg), median (IQR)15.0(12.0, 22.0)16.4(13.0, 22.0)0.371Weight for age (%), median (IQR)34.1(7.4, 77.0)21.5(2.0, 73.6)0.259**Asthma diagnosis and current step of treatment**First diagnosis14(23.7)23(31.1)0.653Previously diagnosed, GINA step I12(20.3)13(17.6)Previously diagnosed, GINA step II or more33(56.0)38(51.3)**Pre-specified prognostic factors**Obesity9(15.3)8(10.9)0.602Not currently using controller medication26(44.1)36(48.7)0.605≥3 ER visits in the past 12 months22(37.3)20(27.0)0.260≥2 admissions in the past 12 months16(27.1)19(25.7)1.000History of endotracheal intubation10(17.0)2(2.7)0.006Exacerbation triggered by pneumonia32(54.2)20(27.0)0.002**Clinical parameters during initial assessment at ER**RR (per min), mean±SD41.8±11.241.6±9.50.927HR (per min), mean±SD144.8±20.7139.3±21.20.131SpO~2~ (%), mean±SD92.8±3.993.5±3.10.270SpO~2~ at ER \<92%20(33.9)11(14.9)0.013**Treatment at ER**Nebulized salbutamol \<3 doses at ER18(30.5)8(10.8)0.007Terbutaline injection at ER5(8.5)3(4.1)0.465Time to first dose of systemic corticosteroids (min), median (IQR)84(27, 212)73.5(30, 149)0.316Delayed administration of steroid39(66.1)42(56.8)0.289**Clinical parameters upon admission**RR (per min), mean±SD39.6±7.739.6±7.30.945HR (per min), mean±SD147.9±18.2146.1±15.80.539SpO~2~ (%), mean±SD93.5±3.993.4±3.10.881**Concomitant medications during admission (Pre-specified confounders**)Berodual nebulization during admission18(30.5)20(27.0)0.702Terbutaline injection during admission10(17.0)4(5.4)0.045**Treatment outcome**Hospital stay (hours), median (IQR)73.5(40.5, 104.5)41.4(30.5, 57.25)\<0.001[^2]

In the failure group, there were significantly higher proportions of children with history of endotracheal intubation (17.0% vs 2.7%, p=0.006), exacerbation triggered by pneumonia (54.2% vs 27.0%, p=0.002), SpO~2~ in the ER \<92% (33.9% vs 14.9%, p=0.013), nebulized salbutamol \<3 doses in the ER (30.5% vs 10.8%, p=0.007), and those receiving injection of terbutaline (17.0% vs 5.4%, p=0.045).

Factors Associated with Failure of Intermittent SABA Therapy {#s0003-s2001}
------------------------------------------------------------

The logistic modeling results to derive the confounding scores are presented in [Table 3](#t0003){ref-type="table"}. The generated confounding scores were subsequently included in the multivariable logistic regression with all ten potential predictors of failing first-line intermittent nebulization with SABA ([Table 4](#t0004){ref-type="table"}).Table 3Multivariable Logistic Regression Model to Derive the Confounding ScoresParametersCoefficientSE95% CIP-value**Pretreatment confounders**Age function 1\*3.741.95−0.08,7.560.055Age function 2\*−3.294.90−12.9,6.310.502Male gender−0.690.38−1.44,0.050.067Constant0.060.40−0.73,0.850.887**Confounders by concomitant medications**Berodual nebulization during admission−0.180.43−1.02,0.660.679Terbutaline injection during admission1.370.670.06,2.680.040Constant−0.320.21−0.73,0.090.130[^3][^4] Table 4Multivariable Logistic Regression for Predictors of Intermittent SABA Failure with Prognostic Score AdjustmentParameters in ModelsFull ModelReduced ModelaOR95%CIP-valueaOR95%CIP-value**Confounding scores**Pretreatment42.020.99, 17760.05031.580.98, 10160.051Concomitant medications8.180.06, 10890.40022.660.20, 26110.198**Potential predictors**Obesity1.680.50, 4.710.403Not currently using controller medication0.990.39, 2.460.976≥3 ER visits within the past 12 months2.050.73, 5.810.174≥2 admissions within the past 12 months0.540.17, 1.690.288History of endotracheal intubation9.081.33, 61.950.0246.461.13, 36.790.036Exacerbation triggered by pneumonia3.131.29, 7.590.0122.671.19, 6.000.017SpO~2~ at ER \<92%2.971.09, 8.110.0343.021.18, 7.750.022Nebulized salbutamol \<3 doses at ER3.891.31, 11.540.0143.211.15, 9.020.027Terbutaline injection at ER4.670.78, 27.70.090Delayed administration of steroid1.490.61, 3.640.384Constant0.010.00, 0.230.0030.020.00, 0.230.003[^5]

In the full model, four variables were significantly associated with treatment failure: a previous history of endotracheal intubation, exacerbation triggered by pneumonia, a SpO~2~ \<92% in the ER, and receiving \<3 doses of nebulized salbutamol in the ER. After the backward elimination of non-contributing factors, these four factors remained significant explanatory factors. History of endotracheal intubation (aOR 6.46, 95% CI 1.13 to 36.79, p=0.036) was identified as the strongest prognostic factor, followed by \<3 doses of nebulized salbutamol (aOR 3.21, 95% CI 1.15 to 9.02, p=0.027), SpO~2~ \<92% (aOR 3.02, 95% CI 1.18 to 7.75, p=0.022), and exacerbation triggered by pneumonia (aOR 2.67, 95% CI 1.19 to 6.00, p=0.017).

Discussion {#s0004}
==========

In this study, four factors were associated with failure of intermittent nebulization with SABA in children who were diagnosed with SAE; a history of endotracheal intubation due to asthma exacerbation, inadequate of initial nebulization treatment with salbutamol at ER, oxygen saturation less than 92% upon presentation, and exacerbation triggered by pneumonia.

Of all four factors, a prior history of intubation for a previous asthma exacerbation was the most potent predictor of treatment failure. This is in concordance with a systematic review and meta-analysis, which reported that patients with a history of intubation had an increased risk of a fatal or near-fatal asthma exacerbation.[@cit0014] The second strongest factor was an inadequate nebulization of SABA, mostly salbutamol in our setting, in the ER. Standard asthma treatment guidelines in our hospital recommend an initial nebulization with three doses of SABA every 15--20 minutes, together with adequate supplemental oxygen, and systemic corticosteroids within the first hour of the patient's arrival in the ER.[@cit0003],[@cit0004],[@cit0019] Despite these recommendations, almost 20% of children with severe asthma exacerbation were not properly nebulized in the ER before their admission to hospital, and these children had a 3-fold increased risk of treatment failure. Thus, it is mandatory to encourage emergency physicians to follow local guidelines and complete the three doses of nebulization in children with SAE.

A low SpO~2~ \<92% at initial presentation was another independent, ominous factor for treatment failure. This cut-off has also been identified in earlier studies as a predictive factor for hospitalization,[@cit0025] admission to an intensive care unit, and a requirement for IV terbutaline or intubation.[@cit0016] Clinical guidelines recommend oxygen saturation as an objective and useful measure to assess and classify the severity of asthma exacerbations.[@cit0026] As oxygen saturation measuring devices like pulse oximeters are cheap, practical and readily available in hospitals, we suggest it should always be used in asthma patients as an indicator for predicting failure to intermittent nebulization with SABA.

Children whose SAE was triggered by pneumonia were also at an increased risk of failing the first-line intermittent nebulization therapy. Pneumonia, as a trigger of SAE, has been reported by others as a risk factor for admission to an intensive care unit.[@cit0013],[@cit0017] Pneumonia is a lower respiratory tract infection that involves alveolar inflammation, which does not improve after treatment with bronchodilators alone. Therefore, such children should be treated with antibiotics or antivirals if their pneumonia is of bacterial or viral origin, respectively.[@cit0027]

Some clinically relevant factors have been reported to be associated with poor asthma outcomes but did not show statistical significance in our study. Children who were prescribed with sc terbutaline in the ER had a higher risk of failing continuous nebulization with SABA.[@cit0013] In our study, the magnitude of the effect of sc terbutaline on the risk of treatment failure was large but was not statistically significant; this may have been due to our limited sample size and the small number (n=8) of children prescribed with sc terbutaline in the ER. Previous studies report that children with frequent, ≥3 ER visits for asthma exacerbation within the past 12 months, had an increased risk of admission to intensive care.[@cit0016] Our study did not reconfirm this due to its small size.

Corticosteroids are widely accepted as beneficial in acute asthma and are recommended by many treatment guidelines. Their use decreases inflammatory cytokines, reduces airway swelling, and up-regulates the β-receptors in the bronchial smooth muscle with enhanced efficacy of β-agonists in reducing bronchoconstriction.[@cit0028] Prompt steroid administration within 60 minutes of presentation reduces hospital admission.[@cit0018] In our study, only 52 (39%) children were prescribed corticosteroids within 60 minutes, but we were unable to demonstrate statistical significance, due to our small sample size. Our result emphasizes the need for guidelines to be followed, and ER physicians to manage asthma patients rapidly.

Our study provides evidence of prognostic factors linked to the failure of intermittent nebulization of SABA in children with SAE. These factors are easy to evaluate through a brief history taking, a focused clinical examination, and, if practical, a chest X-ray. The knowledge of these factors can alert ER physicians and pediatricians to prioritize such children, treat them promptly following recommended guidelines, and prevent severe adverse outcomes, such as more frequent monitoring for clinical deterioration, early escalation of therapy, or admission to an intensive care unit.

The application of confounding score adjustment incorporated pretreatment confounders and confounders of concomitant medications is a useful technique for controlling of confounder in an observational study and added strength to our study. The statistical power was preserved because the total number of covariates was reduced. After model reduction through backward elimination, it was evident that the precisions of all estimates were improved. There were some limitations to our study. First, the data were retrospectively reviewed and collected from an electronic medical database of Hat Yai hospital. Thus, several patients with incomplete data were excluded from the analysis, which may give rise to selection bias. However, our study was a cohort, where all included children were followed since their admissions to the hospital until their dispositions. Therefore, the effect of reported prognostic factors on the outcome may be validly drawn. Second, the study size was small and might not be adequately powered to identify statistically significant of some predictors in the full model. Before clinical implementation of our findings, more supporting evidence from larger, prospective studies or clinical trials is required. Third, according to our inclusion and exclusion criteria, our study results were not generalizable to children aged less than one year, children with an unclear diagnosis of asthma, and children with moderate or life-threatening asthma exacerbation. Finally, even after confounding score adjustment, residual confounding may still be present. However, as the direction and magnitude of the association between the predictors in the final model and the outcome were sensible, the effect of residual confounding is likely minimal.

Conclusion {#s0005}
==========

In conclusion, children with SAE are at higher risk of failing intermittent nebulization with SABA if they have a previous history of intubation, a low SpO~2~ \<92%, are inadequately treated with nebulized salbutamol in the ER, and who have pneumonia. Such children need rapid treatment and close observation. However, due to important limitations in study design, further prospective clinical studies are needed to confirm our findings before clinical implementation.
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[^1]: **Abbreviations:** HR, heart rate; PEF, peak expiratory flow; RR, respiratory rate; SpO~2~, oxygen saturation (room air).

[^2]: **Abbreviations:** ER, emergency room; HR, pulse rate; IQR, interquartile range; kg, kilogram; RR, respiratory rate; SABA, short-acting beta-agonists; SpO~2~, oxygen saturation (room air).

[^3]: **Note:** \*Fractional polynomial transformation of age variable.

[^4]: **Abbreviations:** CI, confidence interval; SE, standard error.

[^5]: **Abbreviations:** aOR, adjusted odds ratio; CI, confidence interval; ER, emergency room; SpO~2~, oxygen saturation (room air).
